The authors performed a systematic review of the association of complement component 2(C2)/complement factor B (CFB) gene polymorphisms with age-related macular degeneration (AMD). In total, data from 19 studies published between 2006 and 2011 were pooled for 4 polymorphisms: rs9332739 and rs547154 in the C2 gene and rs4151667 and rs641153 in the CFB gene. Data extraction and assessments for risk of bias were independently performed by 2 reviewers. Allele frequencies and allele and genotypic effects were pooled. Heterogeneity and publication bias were explored. Pooled minor allele frequencies for all 4 SNPs were between 4.7% and 9.6% for all polymorphisms, except for an Indian population in which the C allele at rs9332739 was the major allele. For the C2 polymorphisms, the minor C allele at rs9332739 and the minor T allele at rs547154 carried estimated relative risks (odds ratios) of 0.55 (95% confidence interval (CI): 0.46, 0.65) and 0.47 (95% CI: 0.39, 0.57), respectively. For the CFB polymorphisms, the minor A alleles at rs4151667 and rs614153 carried estimated risks of 0.54 (95% CI: 0.45, 0.64) and 0.41 (95% CI: 0.34, 0.51), respectively. These allele effects contributed to an absolute lowering of the risk of all AMD in Caucasian populations by 2.0%-6.0%. This meta-analysis provides a robust estimate of the protective association of C2/CFB with AMD. complement component factor
with the discovery of an association between polymorphic variation in the complement factor H gene (CFH) and AMD. Following this, other loci at 10q26, ARMS2/HTRA1 (8) (9) (10) (11) (12) , were implicated, in addition to several genes involved in the complement pathway. The discovery of CFH variants and the alternative complement pathway in the pathophysiology of AMD subsequently led to the investigation of other complement factors, such as complement component 3 (C3) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , complement component 2 (C2), and complement factor B (CFB) (13, (31) (32) (33) (34) (35) (36) (37) . We previously performed a systematic review of C3 (38) . The current review focuses on the C2 and CFB variants.
The C2 gene, located on 6p21.33, encodes a serum glycoprotein that functions as part of the classical complement pathway, which is involved in innate immunity and inflammation (Online Mendelian Inheritance in Man (OMIM) number 613927). Two polymorphisms (rs9332739 G > C and rs547154 G > T) have been implicated in AMD. The C2 polymorphisms may be associated directly with AMD or indirectly through the high level of linkage disequilibrium (LD) that exists between C2 and CFB, which is located downstream on the same chromosome (OMIM number 138470) and which contains additional variants that are also highly associated with AMD (33, 36) , rs4151667 T > A and rs641153 G > A. Therefore, we conducted a systematic review to pool the results of all available population-based association studies on C2 (rs547154 and rs9332739), CFB (rs4151667 and rs641153), and AMD, with the following objectives:
To estimate the prevalence of the minor alleles of C2 and CFB.
To ascertain whether there are genetic associations with AMD susceptibility and, if so, to estimate the magnitude of those associations and the possible genetic modes of action.
MATERIALS AND METHODS

Search strategy
Studies were identified from the MEDLINE (US National Library of Medicine), EMBASE (Excerpta Medica Database; Elsevier B.V., Amsterdam, the Netherlands), and Scopus (SciVerse Scopus; Elsevier B.V.) databases using the PubMed, Ovid, and Scopus search engines up to June 18, 2011, by 1 reviewer (A. T.). Search strategies used for PubMed were as follows: (gene or allele or polymorphism) and (macular degeneration) and ("complement component 2" or "C2" or "complement factor 2") or ("CFB" or "complement factor B"). Where there were multiple publications with the same subjects, the most complete and recent results were used. The reference lists of the selected articles were also reviewed to identify additional relevant publications. Details of other search strategies are described in the Appendix.
Inclusion criteria
Two reviewers (A. T. and M. M.) independently went through all titles and abstracts of the identified studies. Any human population-based association study, regardless of sample size, was included if it met the following criteria:
Genotyped C2 (rs547154 G > T and rs9332739 G > C) or CFB (rs4151667 T > A and rs641153 G > A) polymorphisms.
The outcome was AMD, and there was at least 1 comparison/control group.
There was sufficient description of the results-that is, numbers of subjects in genotype and outcome groups. Where eligible, the authors of articles with insufficient information were contacted, with a request for additional information. If they did not provide data after 2 contacts, those studies were excluded from our review.
Data extraction
Summary data for C2 and CFB were extracted independently by 2 reviewers (A. T. and M. M.) using a standardized data extraction form. Data on covariables such as mean age, percentage of males, percentage of smokers, and ethnicity were also extracted. Any disagreement was resolved by consensus.
Risk of bias assessment
The quality of studies was independently assessed by 2 reviewers (A. T. and M. M.) using a risk of bias assessment for genetic association studies, described in detail previously (38) . Briefly, the assessment considered 5 domains: selection bias, information bias, confounding bias, multiple tests and selective reports, and assessment of Hardy-Weinberg equilibrium (HWE). Each item was classified with regard to risk of bias ("yes/no") or as unclear if there was insufficient information to assess risk of bias ("unclear").
Statistical analysis
Data in the control group of each study were used to assess HWE using an exact test. Genetic effects were stratified by ethnicity (Caucasian or Asian) and analyzed using 2 approaches, as described below (38, 39) .
Per-allele approach. Suppose that g and G are minor and major alleles, respectively, and gg, Gg, and GG are minor homozygous, heterozygous, and common homozygous genotypes, respectively, for each polymorphism. A minor g allele frequency was estimated for each study, and data were then pooled using meta-analysis for pooling prevalence (40) . Odds ratios for g alleles versus G alleles, along with 95% confidence intervals, were estimated. Heterogeneity of odds ratios across studies was assessed using a Q test, and the degree of heterogeneity was quantified using I 2 . If heterogeneity was present (i.e., if the Q test was significant or I 2 was greater than 25%), the cause of heterogeneity was explored by fitting a covariable (e.g., age, percent male, or percent smokers) in a meta-regression model, when the data for these covariables were available (41) (42) (43) (44) .
Per-genotype approach. Two odds ratios (gg vs. GG, denoted odds ratio 1 (OR 1 ), and Gg vs. GG, denoted odds ratio 2 (OR 2 )) were estimated for each study. Heterogeneity of odds ratios was assessed using the method mentioned previously. If there was heterogeneity in at least 1 of these odds ratios, the cause of heterogeneity was explored using meta-regression analysis. A mixed-effects hierarchical model with a logit link function (40) was applied to determine the overall gene effect using the xtmelogit command in STATA (StataCorp LP, College Station, Texas). The genotypes were considered in the model as fixed effects, whereas the study was considered a random effect. A likelihood ratio test was used to assess whether an overall gene effect was significant. Pooled odds ratios and 95% confidence intervals were then estimated from the mixed model.
The mode of genetic effect, measured by the parameter lambda (λ), which is defined as the ratio of log OR 2 to log OR 1 , was then estimated using the model-free Bayesian approach (45) . The value of lambda ranges from 0 to 1. If λ = 0, a recessive model is suggested; if λ = 1, a dominant model is suggested; and if λ = 0.5, a codominant model is suggested. If λ > 1 or λ < 0, then a homozygous or heterosis model is likely, although this is rare.
Sensitivity analyses were performed by including and excluding studies not in HWE. Publication bias (study-size effect) was assessed using the Egger test and contourenhanced funnel plots (46) (47) (48) . Trim-and-fill meta-analysis was applied to impute unidentified studies (49) . The population attributable risk (PAR) for genotypes was calculated as in the papers by Hayden et al. (50) and Rossman et al. (51) . Analyses were performed using STATA, version 11.1 (52) , and WinBUGS 1.4.2 (53), with normal vague prior distributions for estimation of parameters (i.e., lambda and the odds ratio). The analyses were run with a burn-in of 1,000 iterations, followed by 10,000 iterations for parameter estimates. A P value less than 0.05 was considered statistically significant, except for tests of heterogeneity, where a level of 0.10 was used.
RESULTS
Identifying studies
A total of 59, 87, and 319 studies were located from MEDLINE, EMBASE, and Scopus (Figure 1 ), respectively. After removal of 110 duplicates, 355 titles or abstracts were screened, with 23 determined to be eligible. The full articles on the 23 remaining studies were reviewed; 4 studies were further excluded, leaving 19 studies for data extraction. Among the 19 included studies, 11 (57.9%) were identified in all 3 databases, 5 (26.3%) were identified through both MEDLINE and EMBASE, 2 (10.5%) were identified only in Scopus, and 1 (5.3%) was identified only in EMBASE. Sixteen studies had data on rs9332739 polymorphisms, 13 studies had data on rs547154, 14 studies had data on rs4151667, and 14 studies had data on rs641153. The characteristics of these 19 studies are given in Table 1 .
Risk of bias assessment
As is shown in Web Table 2 ). Among these, 14 studies were carried out among persons of European descent (13, 15, 19, 22, 24, 26, 27, (31) (32) (33) (34) (35) (36) 54 ) and 2 were carried out in Asian populations (37, 55) . HWE was assessed in the control groups and was met in all studies. Among the Caucasian studies, the pooled frequency of minor allele C was lower in AMD cases than in non-AMD populations, with frequencies of 2.5% (95% confidence interval (CI): 2.0, 3.0) and 4.8% (95% CI: 3.9, 5.6), respectively. The odds ratios were mildly heterogeneous (χ 2 = 17.46 (14 df ), P = 0.233, I 2 = 19.8%), with a pooled odds ratio of 0.55 (95% CI: 0.46, 0.65), suggesting that the C allele was approximately half as frequent in the AMD group as in controls. The frequency of the C allele in the single Chinese population was very similar to that in Caucasians (approximately 2%), but it was the major allele in the single Indian population, at approximately 96%, and was more prevalent in cases than in controls.
Genotype frequencies in the AMD and control groups are shown in Table 2 . The gene effects for OR 1 (CC vs. GG) and OR 2 (GC vs. GG), along with 95% confidence intervals, were plotted across studies in Caucasian populations (see Web Figure 1 , parts A and B). OR 1 was homogenous (χ 2 = 2.33 (14 df ), P = 1.00, I 2 = 0%), whereas OR 2 showed mild heterogeneity across studies (χ 2 = 18.69 (14 df ), P = 0.177, I 2 = 25.1%). The mixed logit model yielded pooled estimates for OR 1 and OR 2 of 0.38 (95% CI: 0.14, 1.08) and 0.52 (95% CI: 0.45, 0.61), respectively, which suggested that persons with CC and GC genotypes had approximately 62% and 48% lower risks of AMD than persons with the GG genotype.
The estimated lambda value was 0.69 (95% CI: 0.37, 0.97), suggesting that a dominant or additive mode of effect was most likely. Publication bias was assessed for OR 1 and OR 2 using funnel plots, which suggested symmetry of gene effects for both odds ratios (see Web Figure 1 , parts C and D) (for OR 1 , Egger test coefficient = 0.92 (standard error (SE), 0.66), P = 0.188; for OR 2 , Egger test coefficient = 0.23 (SE, 0.85), P = 0.789). Adding the 2 Asian studies yielded very similar results, with a lambda value of 0.71 (95% CI: 0.34, 0.99). Despite the C allele's being the major allele in the Indian population (37, 55) , the direction of the association was still protective. Pooling only advanced AMD cases in 6 Caucasian studies yielded summary estimates of OR 1 and OR 2 of 0.22 (95% CI: 0.04, 1.10) and 0.52 (95% CI: 0.43,0.63), respectively. C2 rs547154. Thirteen studies (13, 15, 19, 20, 22, 26, 31-33, 35-37, 55) were eligible for pooling of gene effects of the rs547154 polymorphism (see Web Table 3 ). Ten studies (15, 19, 22, 26, 31-33, 35, 36) were in Caucasians, and 3 studies (20, 37, 55) in Asians. The allele frequency in 1 Caucasian study (19) was not in HWE and was excluded from pooling. The pooled frequencies of the T allele in AMD and non-AMD populations were 4.6% (95% CI: 4.0, 5.2) and 9.0% (95% CI: 7.3, 10.8), respectively. The odds ratios (T vs. G) were moderately heterogeneous (χ 2 = 13.12 (8 df ), P = 0.108, I 2 = 39.0%), with a pooled odds ratio of 0.47 (95% CI: 0.37, 0.60). This suggested that the T allele was about half as frequent in AMD cases as in controls. There was no evidence of publication bias (Egger test coefficient = 0.02, P = 0.986). Sensitivity analysis was performed by including the study which did not observe HWE; this yielded similar results, with a pooled odds ratio of 0.42 (95% CI: 0.32, 0.55). Subgroup analysis in advanced AMD cases was not performed because of insufficient data.
In Asian studies, the absolute frequency of the T allele in cases and controls was almost double that in Caucasians, with similar relative frequencies ( pooled odds ratio = 0.48, 95% CI: 0.22, 1.05).
Genotype frequencies were characterized in the AMD and non-AMD groups separately by ethnicity (see Table 3 ). OR 1 (TT vs. GG) was homogenous across studies (χ 2 = CFB rs4151667. Fourteen studies (13, 15, 19, 22, 23, 26, 31-35, 37, 55, 56) assessed the association between rs4151667 and AMD. After unsuccessful attempts to contact the authors, 1 study (56) was excluded because of insufficient data. Allele frequency data for the remaining 13 studies were characterized by ethnicity (see Web Table 4) , and all studies observed HWE. The pooled frequencies of the A allele in the 10 Caucasian studies were 2.4% (95% CI: 2.1, 2.7) and 4.7% (95% CI: 4.4, 5.1) in AMD and non-AMD groups, respectively. The allele-effect odds ratios (A vs. T) were homogeneous across studies (χ 2 = 7.20 (9 df ), P = 0.616, I 2 = 0%), with a pooled odds ratio of 0.54 (95% CI: 0.45, 0.64), suggesting that the A allele was approximately half as frequent in the AMD group as in controls. Allele frequencies in Asians were 2.4% (95% CI: 1.1, 3.6) and 3.5% (95% CI: 0.9, 6.0) in AMD and non-AMD groups, respectively-largely similar to Caucasians.
Genotype frequencies from the 13 studies are shown in Figure 3 , parts A and B). The estimated lambda value was 0.70 (95% CI: 0.37, 0.98), suggesting that a dominant or additive effect was most likely. Neither the Egger test not the funnel plot suggested asymmetry of the funnel for either OR 1 (coefficient = −0.14 (SE, 1.12), P = 0.509) or OR 2 (coefficient = 0.51 (SE, 0.78), P = 0.530) (see Web Figure 3 , parts C and D). Only 4 studies (13, 19, 22, 34) had data on advanced AMD cases. The AA and AT effects were homogeneous (for OR 1 , χ 2 = 2.49 (3 df), P = 0.477, I 2 = 0; for OR 2 , χ 2 = 0.45 (3 df), P = 0.929, I 2 = 0), with the pooled OR 1 and OR 2 being equal to 0.53 (95% CI: 0.41, 0.68) and 1.66 (95% CI: 0.30, 9.09), respectively; the discrepancy in the pooled OR 2 was probably due to the outlier study by McKay et al. (34) .
The genotyping effects in the 4 Asian studies were homogenous for both OR 1 and OR 2 , with an I 2 value of 0%. The pooled OR 1 and OR 2 were 0.96 (95% CI: 0.06, 15.31) and 0.68 (95% CI: 0.40, 1.16), respectively. CFB rs641153. Fourteen studies (13, 23, 24, 26, 27, 31, 32, (34) (35) (36) (37) (54) (55) (56) had data for the CFB rs641153 polymorphism. Of these, 10 studies (13, 24, 26, 27, 31, 32, (34) (35) (36) 54) were conducted in Caucasians, and 4 (23, 37, 55, 56) were conducted in Asians (see Web Table 5 ). All control groups were in HWE. Among the Caucasian studies, the pooled frequency of the A allele was 4.1% (95% CI: 3.1, 5.2) in AMD groups and 9.6% (95% CI: 7.9, 11.3) in non-AMD groups. The allele-effect odds ratios were moderately heterogeneous across studies (χ 2 = 22.44 (8 df ), P = 0.004, I 2 = 59.9%). The pooled odds ratio (A vs. G) was 0.40 (95% CI: 0.31, 0.52); that is, having the A allele was less than half as frequent in AMD cases as in controls. The pooled absolute frequency of the A allele within the 4 Asian studies was slightly higher than that in Caucasians, but the relative frequency was very similar (OR = 0.55, 95% CI: 0.30, 1.02).
The odds ratios for genotypic effects, OR 1 (AA vs. GG) and OR 2 (GA vs. GG), were estimated for each study (see Table 5 ). Pooled estimates were homogenous for OR 1 (χ 2 = 1.42 (9 df ), P = 0.998, I 2 = 0%) but highly heterogeneous for OR 2 (χ 2 = 25.96 (9 df ), P = 0.002, I 2 = 65.3%) (see Web Figure 4 , parts A and B). The mixed logit model yielded pooled OR 1 and OR 2 estimates of 0.26 (95% CI: 0.14, 0.48) and 0.42 (95% CI: 0.37, 0.48), respectively, indicating that persons with the AA and GA genotypes were at 74% and 58% lower risk of AMD, respectively, than those with the GG genotype. The estimated lambda value was 0.72 (95% CI: 0.44, 0.98), which suggested that a dominant or additive effect was more likely. The Egger test found no evidence of asymmetry of the funnels for either OR 1 (coefficient = −0.10 (SE, 0.37), P = 0.790) or OR 2 (coefficient = −1.87 (SE, 1.42), P = 0.226) (see Web C2/CFB and Age-related Macular Degeneration 367 Figure 4 , parts C and D). The genotypic effects in advanced AMD cases were determined within 5 studies (13, 24, 27, 34, 54) , which suggested a homogenous effect for OR 1 (χ 2 = 1.02 (4 df ), P = 0.907, I 2 = 0%) but a moderately heterogeneous effect for OR 2 (χ 2 = 7.60 (4 df ), P = 0.107, I 2 = 47.4%); the corresponding OR 1 and OR 2 were 0.27 (95% CI: 0.12, 0.59) and 0.45 (95% CI: 0.38, 0.53), respectively. There was no evidence of publication bias.
Pooling genotypic effects within the 4 Asian studies yielded estimates for OR 1 and OR 2 of 0.17 (95% CI: 0.05, 0.59) and 0.55 (95% CI: 0.41, 0.74), respectively-largely consistent with those seen in Caucasians.
DISCUSSION
We performed a systematic review and meta-analysis of the associations between C2 (rs9332739, rs547154) and CFB (rs4151667, rs641153) polymorphisms and AMD, including Caucasian subjects numbering 7,121-13,351 and Asian subjects numbering 810-1,301. The results suggest robust associations in Caucasians; that is, carriage of a minor allele of C or T in the C2 rs9332739 and C2 rs547154 polymorphisms decreases the risks of having AMD by approximately 45% and 53% relative to carriage of G and G major alleles, respectively. A similar trend was found for the CFB polymorphisms; carrying a minor allele A in rs4151667 and rs641153 decreased the risks of AMD by approximately 46% and 59%, respectively, relative to a major allele of T and G. The genetic mode of action could be additive or dominant for all polymorphisms. Sensitivity analyses, including and excluding studies not observing HWE, yielded similar results.
The minor C and T protective alleles of the C2 polymorphisms investigated here are quite rare in Caucasians, with frequencies of 4.8% and 9.0%, respectively. The minor protective alleles for the 2 CFB polymorphisms are equally rare, with frequencies of 4.7% and 9.6%, respectively. The pooled odds ratios for AMD for these corresponding alleles were 0.55, 0.47, 0.54, and 0.41, respectively, and the PARs were 2.0%, 5.0%, 2.2%, and 6.0%. This does not imply that these alleles are causally responsible for the association with AMD and, given the LD in this region, they are probably overlapping effects. Nevertheless, we can say that these C2/CFB polymorphisms together probably serve as a marker for an absolute lowering of the risk of all AMD in Caucasians by 2.0%-6.0%.
Genetic effects for both sets of polymorphisms were very similar across Caucasian and Asian ethnic groups represented in this meta-analysis, and is in accord with the findings of Ioannidis et al. (57) . Allele frequencies differed only slightly across ethnic groups, except for the C2 rs9332739 polymorphism, in which the minor C allele frequency was dramatically higher in Indians than in Caucasians (37) (96% vs. 3%). Kaur et al. (37) confirmed that these results were verified by sequencing and hence do not represent a miscalled strand. This raises the possibility of the "flip-flop" phenomenon, in which varying LD structure between different populations leads to a flip in the direction of the allelic effect, presumably because the genotyped SNP is tagging the causative allele, and different marker alleles are in LD with the causative allele across different populations (58) (59) (60) . However, the C allele in the Indian population was consistent in having a protective association, similar to other ethnic groups, which did not fit with the "flip-flop" phenomenon. These genetic associations are very similar to the ones recently described in a meta-analysis of genome-wide association studies for AMD (61) ; the allele effect for C2 rs9332739 was 0.46, and the allele effect for CFB rs641153 was 0.54. These pooled estimates were derived from over 2,500 cases and over 4,100 controls, and the consistency of the results shows that this effect size is robust.
Multilocus associations
Although some studies had assessed compound genotype effects of the 2 SNPs in C2 and CFB, the way in which investigators had reported their data did not allow us to pool haplotype effects. Previous reports show nearly complete LD between C2 rs9332739 and CFB rs4151667 (r = 0.91-1.00) (32) (33) (34) and separately between C2 rs547154 and CFB rs641153 (r = 0.92-0.96) (35, 36) , indicative of dependent genetic effects. Given that all 4 SNPs showed similar magnitudes of genetic effects, identification of functional causal variants from the existing data would be difficult and might require very diverse populations with smaller LD blocks to isolate functional regions. This is a timely reminder that distance is a poor proxy for LD; the 2 SNPs examined here in CFB are only 156 base pairs apart and are not in LD (r 2 = 0.004), yet rs641153 in CFB is in complete LD with rs547154 in C2, which is 3,242 base pairs away (http://hapmap.ncbi.nlm.nih.gov/). Likewise, the 2 SNPs in C2, which are 7,134 base pairs apart, are not in LD (r 2 = 0.004), but rs9332739 in C2 is in complete LD with rs 4151667 in CFB, which is 10,220 base pairs away.
The fact that 2 LD blocks are equally powerful markers for AMD risk but are independent of each other leads to the possibility that they are both tagging a causative SNP that is not in either LD block. Fine mapping or nextgeneration sequencing may shed more light on this possibility.
Burden of disease
The C2 and CFB polymorphisms analyzed here contribute only 2%-6% of the population risk of AMD. In terms of public health prevention, focusing on smoking cessation would carry a much greater benefit, with a PAR of 36.9% (34) , and stronger genetic loci, such as CFH, carry a much greater PAR (i.e., 58.9%) (11) . Some groups of researchers have combined the PAR of the 14 variants identified to obtain much larger and clinically useful estimates (61) in C2/CFB and Age-related Macular Degeneration 369
an attempt to develop a genetic risk score (27) . Others have generated haplotypes, which is concordant with the evolving view that this could represent a more robust method of analysis (35) .
Strengths and weaknesses
This study had a number of strengths. We followed a rigorous protocol of systematic review, identifying data from 3 different databases. Data extraction was carried out in duplicate. We pooled allele frequencies and genetic effects separately, as suggested by the guidelines of the Human Genome Epidemiology Network (62) . We pooled effects using a model-free method, which allows the data to suggest which genetic mode of action might be at work. We thoroughly investigated heterogeneity and study-size effects and estimated the PAR. However, we could not assess haplotype effects, which would have required individual patient data or compound genotype summary data. Another potential drawback is that the majority of the studies were clinic-based case-control studies, which might have produced overestimation of the genetic association. This bias could be avoided through the use of populationbased nested case-control studies, but these types of studies are few, because it is costly to perform examinations and fundus photographs on thousands of people to determine who has early signs of AMD. In addition, few people would have advanced AMD in such studies.
In summary, our meta-analysis provides evidence for an association between C2/CFB polymorphisms and AMD. Carriage of preventive alleles for C2 rs9332739 and rs547154 would decrease the risk of AMD in Caucasians by approximately 45% and 53%, respectively; carriage of preventive alleles for CFB rs415667 and rs641153 would decrease it by approximately 46% and 59%. These allele effects contribute to an absolute lowering of the risk of all AMD in general Caucasian populations by 2.0%-6.0%. Although these associations appear consistent in Caucasian and Asian ethnic groups, the data are still sparse, and further studies are required to estimate the effects in nonCaucasian ethnic groups with more precision. Early work indicates that these polymorphisms may affect binding affinities (e.g., between CFB and C3b (63, 64)), promoting or retarding the complement cascade; however, better understanding of the full functional implications of these alleles will require more research.
